To elucidate the resistance of high-yield hybrid rice (Oryza sativa L.) at the seedling stage to low temperature, photosynthetic characteristics, such as membrane lipid peroxidation, fatty acid composition, and chloroplast ultrastructure, were investigated in a newly developed super-hybrid rice ('Liangyoupeijiu') and a traditional chill-sensitive hybrid rice ('Shanyou63'), with 20°C as the control condition and 10°C as the low temperature treatment. Chlorophyll content, oxygen consumption by photosystem I, and oxygen production by photosystem II in the thylakoid membrane mainly decreased under the low-temperature treatment. The malondialdehyde content of 'Liangyoupeijiu' decreased slightly, while increases in membrane lipid peroxidation were greater in 10°C-treated than in 25°C-treated 'Shanyou63' seedlings. The index of unsaturated fatty acids increased in the two cultivars, particularly in 'Liangyoupeijiu'. No severe chloroplast ultrastructure damage was observed under cold stress, but the number of osmiophilic granules in 'Shanyou63' increased rapidly. The results indicate that compared to 'Shanyou63', 'Liangyoupeijiu' is more chill-resistant at the seedling stage.
INTRODUCTION
Rice (Oryza sativa L.), which originated in the subtropics, is strongly affected by low temperature (Gesch and Heilman, 1999) . Under chilling stress, seedlings in early spring often have a rotten appearance, and problems during the grain-filling stage are also observed in late autumn (Ji et al., 2003) . Therefore, improving the tolerance of rice plants to chilling temperatures would increase rice production (Kakar et al., 2016) .
Photosynthesis is often the first process to be inhibited by chilling temperatures (Huo et al., 2016) , which can be very harmful to a plant photosynthetic capacity. The photochemical activity of isolated chloroplasts decreases after chilling, and photosystem I (PSI) activity decreases more rapidly than that of photosystem II (PSII) (Yun et al., 1997) . Some negative effects of chilling may be because of an increased production of reactive oxygen species (ROS), the accumulation of which may lead to an increase in lipid peroxidation (Adamski et al., 2016) . High levels of unsaturated fatty acids in chloroplast thylakoid membranes increase chilling resistance in higher plants (Botella et al., 2016) .
'Liangyoupeijiu' is a newly developed two-line super-high-yield rice hybrid ('Pei-ai 64 s' x '9311'). This hybrid has a higher water consumption and longer maturing period than traditional cultivars (Chen et al., 2004) . Previous studies have investigated its photosynthetic properties under normal conditions (Zhang et al., 2010) , under high temperature (Ou et al., 2005) , under different nitrogen rates (Wang et al., 2012) , and under enhanced ultraviolet-B radiation (Yu et al., 2013) . In the present study, photosynthetic electron transport, lipid peroxidation, unsaturated fatty acid levels, and chloroplast ultrastructure were compared between 'Liangyoupeijiu' and the traditional cultivar 'Shanyou63' under chilling stress at the seedling stage, in order to provide a theoretical basis for the selection of high-yield hybrid rice.
MATERIAL AND METHODS

Plant materials and treatments
Seeds of both varieties were obtained from the Institute of Food and Crops, Jiangsu Academy of Agricultural Sciences (Nanjing, Jiangsu, China). The seeds were germinated on Petri dishes on wet filter paper at 30°C in the dark. After 48 h of incubation, uniformly germinated seeds were selected and cultivated in a Kimura B nutrient solution. Seedlings were grown under a 12 h photoperiod, 25/20°C day/night air temperatures, and a photosynthetic photon flux density (PPFD) of 1000 mmol•m -2 •s -1 . Chilling started when the second leaf was fully expanded. Half of the seedlings of each cultivar were placed in a separate growth chamber with the same photoperiod, a 25/10°C day/night temperature, and a PPFD of 1000 mmol•m -2 •s -1 , while the remaining were maintained under a 25/20°C day/night temperature regime as controls. Leaf samples were collected every 2 days.
Measurement of chlorophyll content
The chlorophyll content was measured using the method of Arnon (1949) , with 80% (v/v) acetone.
Determination of PSI and PSII activity
The photosynthetic electron transport rates in the thylakoid membranes (PSI and PSII activity) were determined by the method of Coombs et al. (1985) using an oxygen electrode (Oxy-Lab Type, Hansatech, Norfolk, UK). Rates are expressed as mmol O 2 •g chl -1 ·min -1 .
Preparation of thylakoid membranes
The thylakoid membranes were isolated from the rice leaves at 4°C according to the method of Dunahay et al. (1984) , with minor modifications. The rice leaves were irradiated before thylakoid isolation. Light-treated leaves (1 g) were homogenized in chilled grinding buffer B 1 [0.4 M sucrose, 2 mM MgCl 2 , 0.1% bovine serum albumin (BSA), and 20 mM tricine, pH 8.0]. The homogenate was filtered through four layers of cheesecloth, and the filtrate was centrifuged at 3000 g for 2 min; the supernatant was then centrifuged at 4000 g for 10 min. The chloroplast pellet was resuspended in buffer B 2 (0.15 M sucrose, 5 mM MgCl 2 , 0.2% BSA, and 20 mM tricine, pH 8.0) with a glass homogenizer, and the thylakoids were pelleted at 4000 g for 10 min. The thylakoid membranes collected were resuspended in buffer B 3 [15 mM NaCl, 5 mM MgCl 2 , and 20 mM 2-(N-morpholino) ethanesulfonic acid, pH 6.5] to a concentration of 2 mg/mL chlorophyll.
Analysis of fatty acids
Lipids were extracted from the thylakoid membranes with a mixture of chloroform and methanol (1:2; v/v), and fatty acids were analyzed by the procedure described by Diao et al. (1997) . Extracted lipids were subjected to methanolysis in the presence of a mixture of H 2 SO 4 and methanol (5:95; v/v), using heptadecanoic acid (C 17:0 ) as an internal standard at 85°C for 60 min. Fatty acid analysis was performed using a Hewlett-Packard 5890 Gas Chromatograph (Hewlett-Packard Company, Wilmington, DE, USA) equipped with a hydrogen flameionization detector with a 33-m capillary column. The fatty acids were identified based on their retention times in comparison with those of known standards.
Determination of lipid peroxidation
Lipid peroxidation was determined based on the malondialdehyde (MDA) content, according to the method of Zhao and Li (1999) . Leaf discs (100 mg) were homogenized in 5 mL 0.05 M phosphate buffer, pH 7.8, at 4°C, and the homogenate was centrifuged at 12,000 g for 20 min. A 1.5-mL aliquot of the supernatant was mixed with 2.5 mL 20% trichloroacetic acid and 0.5% thiobarbituric acid. After placing in boiling water for 10 min and cooling quickly, the mixture was centrifuged at 2000 g for 15 min. The absorbance of the supernatant was measured at 532, 600, and 450 nm with a UV-Vis spectrophotometer UV-2550 (Shimadzu Corporation, Kyoto, Japan). The MDA content was calculated using the following equation: C (mM) = 6.45(A 532 -A 600 ) -0.56A 450.
Electron microscopy
The leaf samples were cut into small pieces and fixed in 4% (v/v) glutaraldehyde dissolved in 0.3 M sodium phosphate buffer, pH 7.5, for 2 h. The samples were post-fixed with 1.0% OsO 4 in the same buffer, and after 2 h, the samples were dehydrated in graded acetone solutions and embedded in an epoxy resin mixture. Ultra-thin sections (70 nm) were obtained using a LKB-V ultramicrotome, stained with uranyl acetate followed by lead citrate, and observed in a Hitachi H-600A-2 transmission electron microscope (Hitachi, Tokyo, Japan).
RESULTS
Membrane lipid peroxidation
The effects of low temperature on leaf MDA content are shown in Figure 1 . Under chilling conditions, a lower level of lipid peroxidation was observed in 'Liangyoupeijiu' than in the control seedlings, while low temperature caused a distinct increase in the MDA concentration in 'Shanyou63'. Figure 2 shows the changes in chlorophyll content after treatment. Under the chilling temperature, the chlorophyll content significantly decreased compared to that in the control. On the 10th day of chilling, the chlorophyll content had decreased by 75 and 82% in 'Liangyoupeijiu' and 'Shanyou63', respectively. 'Shanyou63' had a higher chlorophyll concentration than 'Liangyoupeijiu' throughout the experiment. The photosynthetic electron transport rates in the leaves of the two cultivars had decreased compared to that in the control. Electron flow rates through PSI decreased by 83 and 77% in 'Liangyoupeijiu' and 'Shanyou63', respectively, by the 10th day of treatment (Table 1) , and oxygen production by PSII had decreased by 85 and 91% in 'Liangyoupeijiu' and 'Shanyou63', respectively, by the 10th day of treatment (Table 2) . 
Chlorophyll content and photosynthetic electron transport
Fatty acid composition of thylakoid membranes
Five fatty acids were quantified: palmitic (16∶0), stearic (18∶0), oleic (18∶1), linoleic (18∶2), and linolenic (18∶3). Changes in fatty acid percentages after treatment are shown in Figure 3 . Palmitic acid (16∶0) accounted for the majority of the saturated fatty acids, and linolenic acid (18∶3) accounted for most of the unsaturated fatty acids. Under the chilling temperature, saturated fatty acid levels decreased and unsaturated fatty acid levels increased. For example, in 'Liangyoupeijiu' and 'Shanyou63', levels of palmitic acid (16∶0) decreased by 23.0 and 37.0%, respectively, and linolenic acid (18∶3) levels increased by 18.4 and 7.5%, respectively. The index of unsaturated fatty acids (IUFA) increased by 21.3 and 12.1%, respectively, in 'Liangyoupeijiu' and 'Shanyou63' (Table 3) . 
Chloroplast ultrastructure
The chloroplasts in the control leaves exhibited a typical chloroplast structure with an elliptical or navicular shape, and thylakoid membranes organized in the granal and stromal membranes (Figure 4) . A small number of osmiophilic granules were observed in some chloroplasts. Under the chilling temperature, the chloroplasts of both cultivars were damaged by the 10th day of treatment; they became rounded instead of an elliptical or navicular shape, the thylakoids were swollen, and the intrathylakoid space had increased. However, the number of grana did not significantly change as compared to that in the control plants. Low temperature caused a larger increase in the number of osmiophilic granules in 'Shanyou63' than in 'Liangyoupeijiu'. 
DISCUSSION
Visual symptoms of chilling damage include a waterlogged appearance, yellowing, wilting, inhibition of plant growth, and acceleration of senescence (Salveit and Morris, 1990) . In the present study, chlorophyll content was used to evaluate chilling injury to leaves, the changes in which were related to photosynthetic capacity. The chlorophyll content of the two species was equally reduced by exposure to a chilling temperature. The chlorophyll content was more reduced in 'Shanyou63' than in 'Liangyoupeijiu', indicating that the 'Shanyou63' seedlings had more chilling damage than did the 'Liangyoupeijiu' seedlings. The immediate effect of chilling is injury from photooxidation and reduced photosynthetic efficiency (Hou et al., 2016) . Although photosynthetic rates were not directly measured in this study, photosynthetic electron transport rates can indirectly indicate photosynthetic activity. Photosynthetic electron transport is related to photophosphorylation, and increases in the electron transport rate could increase the production of adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH). If the NADPH and ATP supplies from the thylakoid electron transport chain were less than the demand for metabolites by carbon metabolism, there would be a serious risk of metabolism depleting the chloroplast and cytosolic ATP and NADPH pools (Foyer et al., 2002) . We found that thylakoid membrane electron transport activity (both PSI and PSII) substantially decreased under a chilling temperature. PSII was more affected by cold stress than was PSI. Changes in photosynthetic electron transport were more evident in 'Shanyou63' than in 'Liangyoupeijiu', suggesting that the 'Shanyou63' seedlings were more damaged by low temperature than were the 'Liangyoupeijiu' seedlings.
Under optimal environmental conditions, electron transport during photosynthesis can lead to ROS production, which, consequently, causes photooxidative damage to chloroplasts, carotenoids, and proteins. ROS are chemically aggressive, and attack the polyunsaturated fatty acid components of membrane lipids, resulting in lipid peroxidation (Shah et al., 2001 ). This process results in the disruption of the physical and functional properties of membranes (Hussain et al., 2016) . In the present study, 'Liangyoupeijiu' had lower levels of lipid peroxidation than the control plants at low temperature, while cold stress resulted in higher lipid peroxidation levels in 'Shanyou63'. This indicates that chilling caused more damage to cell membranes in 'Shanyou63' than in 'Liangyoupeijiu'.
The negative effect of cold treatment on photosynthetic capacity and chlorophyll content may be because of changes in the lipid and protein components of the thylakoid membrane (Mostowska, 1997) . The level of unsaturated fatty acids is one of most important factors that determine the physical features of membrane lipids; therefore, changes in unsaturated thylakoid membrane lipid levels could affect the function of integrated proteins, photochemical reactions, and electron transport in the thylakoid membrane (Ivanov et al., 2012) . In both cultivars, chilling caused an increase in the unsaturated fatty acid content, a decrease in the saturated fatty acid content, and an elevated ratio of unsaturated:saturated fatty acids in the leaves, implying an increased fluidity of the thylakoid membrane that would affect cell compartmentation (Novitskaya et al., 2000) . Compared with the control plants, the IUFA in 'Liangyoupeijiu' changed more rapidly than in 'Shanyou63'. Changes in the lipid composition of chloroplasts are responsible for altered thylakoid membrane structures, which in turn affects photosynthetic activity (Scotti-Campos et al., 2014) . With increasing cold stress, some damage to the thylakoid structure was found in both cultivars, but not serious damage. This may have been because of an increase in the IUFA, and the cold acclimation of rice at the early stages of chilling treatment (Kuk et al., 2003) . The 'Shanyou63' chloroplasts had more osmiophilic granules than did the 'Liangyoupeijiu' chloroplasts; an increase in the number and size of osmiophilic granules is generally attributable to gradual thylakoid membrane degradation (Papdakis et al., 2004) . This indicates that the chloroplast ultrastructure in 'Shanyou63' was more damaged than that in 'Liangyoupeijiu' under cold stress.
In summary, chilling led to a decrease in membrane lipid peroxidation in 'Liangyoupeijiu' seedlings, whereas it increased in 'Shanyou63' seedlings. Increases in levels of unsaturated fatty acids could maintain membrane fluidity during exposure to low temperatures, which would cause no serious damage to chloroplast architecture after acclimation. Photosynthetic electron transport rates rapidly decreased under cold stress. Our results indicate that 'Liangyoupeijiu' seedlings are more resistant to chilling than are 'Shanyou63' seedlings, which may be the reason for 'Liangyoupeijiu's higher productivity than traditional rice.
